The carrier transport and recombination dynamics of monolithic InGaN/GaN light-emitting p-n junction structures with two active regions are investigated. Room-temperature and low-temperature photoluminescence and room-temperature electroluminescence measurements show two emission bands originating from the two active regions. In electroluminescence, the intensity ratio of the two emission bands is independent of injection current. In contrast, the intensity ratio depends strongly on the excitation intensity in photoluminescence measurements. The dependency of the emission on excitation is discussed and attributed to carrier transport between the two active regions and to the different carrier injection dynamics in photoluminescence and electroluminescence. The luminous efficacy of a Gaussian dichromatic white-light source is calculated assuming a line broadening ranging from 2kT to 10kT. Luminous efficacies ranging from 380 to 440 lm/W are obtained for broadened dichromatic sources.
I. INTRODUCTION
Nitride-based light-emitting diodes ͑LED's͒ are suitable for many applications including signage, display, and lighting applications. For these applications, efficient generation of white light is very desirable. White light can be generated by two or more LED sources emitting complementary colors, or by LED's exciting wavelength converters such as phosphors, 1,2 dyes, 3 or semiconductors. 4 It has been shown that the most energy-efficient way to generate white light is the mixing of two narrow emission lines, namely, one in the blue and one in the green region of the visible spectrum. 5, 6 Mixing monochromatic emission lines at 450 and 570 nm, 5 with an intensity ratio of I(450 nm)/I(570 nm)ϭ1.79, 7 gives a luminous efficacy of more than 400 lm/W. 5 Such dichromatic white light sources are very well suited for signage applications due to their high efficacy and the irrelevancy of color rendering in signage applications. However, dichromatic light sources are not suited for daylight illumination applications due to their low color rendering. 8 It is well known that there is a fundamental trade-off between high luminous efficacy and color rendering. As a consequence, the highest-luminous-efficacy sources necessarily have a low color rendering index.
Efficient and monolithic solid-state white light sources can be demonstrated by using quantum well structures emitting at two or more wavelengths. It is important to understand the carrier dynamics of such quantum-well structures to improve the performance of the devices. 9, 10 In this article, the optical characteristics of a monolithic p-n junction LED with two quantum-well active regions are investigated. The two emission wavelengths are 460 and 520 nm. At these wavelengths, active regions with high internal efficiency can be grown by metal-organic chemical vapor deposition ͑MOCVD͒. However, the wavelength pair ͑460 and 520 nm͒ is not complementary. The carrier transport and recombination dynamics of this dichromatic source are investigated. We find markedly different emission characteristics for photopumped and current-injected excitation. In photopumped experiments, the intensity ratio depends strongly on the excitation level, whereas for current injection a constant intensity ratio is found.
II. EXPERIMENTS
The InGaN/GaN LED samples were grown by MOCVD on a (0001) sapphire substrate. On top of the sapphire substrate, a 20 nm thick GaN nucleation layer was grown at low temperature followed by a thick ͑4 m͒ n-type GaN buffer layer. The long-wavelength (ϭ520 nm) five-period Sidoped n-type InGaN/GaN multiple-quantum-well ͑MQW͒ active region grown on top of the buffer layer is followed by a thin Si-doped separation layer of n-type GaN ͑20 nm͒. On top of the separation layer, the short-wavelength ( ϭ460 nm) five-period Si-doped n-type InGaN/GaN MQW active region is grown followed by a thin Mg-doped p-type AlGaN electron-blocking layer and a Mg-doped p-type GaN cladding layer ͑120 nm͒. The barrier and the well widths of the MQW's are 7.5 and 2.5 nm, respectively. The top region of the cladding layer is heavily Mg doped to facilitate Ohmic contact formation.
As-grown wafers are characterized by room-temperature and low-temperature (Tϭ78 K) photoluminescence ͑PL͒ ex- For processing, the samples are dipped into a diluted aqueous HCl solution (1:1) for 5 min to remove the native oxide and directly followed by Ni/Au ͑20 nm/20 nm͒ p-type metal contact deposition using e-beam evaporation. After the p-type contact metallization, samples are patterned by photolithography using Shipley 1813 photoresist, and etched by chemically assisted ion-beam etching with an etching rate at 25 nm/min. The p-type contacts are subjected to rapid thermal annealing at 530°C for 5 min in flowing dry air. The n-type Ti/Al/Ni/Au ͑15 nm/60 nm/20 nm/20 nm͒ contacts are deposited on the n-type buffer layer right after the annealing of the p-type contacts. The as-deposited n-type contacts are of low contact resistivity ͑in the range of 10 5 ⍀cm 2 ) and do not require annealing. The schematic structure of the processed samples is shown in Fig. 1 .
Current-voltage (I-V) characteristics are measured with a Karl Suss probe station and a HP 4145B semiconductor parameter analyzer. The specific contact resistance of the p-type Ni/Au contacts, as measured by the transfer length method, was found to be in the 10 Ϫ3 Ϫ10 Ϫ4 ⍀ cm 2 range. For electroluminescence ͑EL͒ measurements, an Ando Corp. AQ6315 optical spectrum analyzer is used.
III. RESULTS AND DISCUSSION
Room-temperature PL spectra of the two-active-region structure are shown in Fig. 2 . The He-Cd laser excitation level is varied over four orders of magnitude using neutral density ͑ND͒ filters. The spectra exhibit two emission bands, one centered at about 465 and one at 525 nm. As the excitation density is varied, the two peak positions do not change. The figure also shows that the ratio of the two peak intensities changes with the power density of the laser. When the sample is pumped without a neutral density filter ͑i.e., with the strongest power density, 8.3 kW/cm 2 ), the emission intensity of the short-wavelength ͑blue͒ peak is much stronger than that of the long-wavelength ͑green͒ peak. However, the ratio of the blue emission intensity to the green emission intensity decreases as the excitation power is decreased by neutral density filters. A ratio of one to one ͑i.e., equal emission intensity of the blue and green peaks͒ is obtained at an excitation density of about 2.6 W/cm 2 (NDϭ3.5). The ratio becomes even smaller than unity, i.e., higher green than blue emission intensity, at lower excitation densities.
Gaussian curves are fitted to the two peaks of the PL spectra to determine the integrated emission intensity of the two emission bands. The emission intensity versus laser power density, obtained from the PL measurements, is shown in Fig. 3 . In this figure, the dashed and solid lines represent the peak and integrated values of the emission intensity, respectively, where the integrated values are deduced from the two Gaussian fits. The figure shows that the green emission is more intense than the blue emission at low excitation power densities.
The linewidths for the fits of the blue and green emission lines are 37 and 51 nm, corresponding to 8.1kT and 8.8kT, respectively. This value is larger than 2kT, expected for thermally broadened emission. We attribute the broader emission to alloy broadening in the InGaN QW's. A higher degree of disorder is expected for the green emission due to the higher In content, consistent with the experimental result.
PL spectra of the two-active-region structure measured at 77 K are shown in Fig. 4 . Inspection of the figure and comparison with Fig. 2 reveal that the results are quite similar with respect to the peak ratios: the ratio of blue-to-green emission intensity decreases with increasing excitation power density.
The higher emission intensity of the blue peak found at high excitation densities is attributed to the fact that most of the laser power is absorbed by the top cladding layer; the ''blue QW's'' are directly adjacent to the cladding layer, in contrast to the ''green QW's.'' The absorption coefficient of GaN at 325 nm is about 1.4ϫ10 5 cm Ϫ1 , 11 indicating that most laser power ͑81%͒ is absorbed in the 120 nm thick top cladding layer. In addition, the blue QW's have higher internal quantum efficiencies than the green QW's. 12 The excitation-density dependent ratio of the emission line intensities can be explained by the competition of different recombination paths. Neglecting nonradiative recombination, the possible recombination path of an electron in the blue QW is either direct radiative recombination or tunneling to the green QW and subsequent radiative recombination. These two possible recombination paths are schematically shown in Fig. 5 . Electrons and holes can tunnel from the blue QW to the green QW and recombine there radiatively. However, once in the green QW, carriers are unable to tunnel back to the blue QW due to the lower energy of the ground state in the green QW.
The tunneling probability T of a carrier from a blue to a green QW can be derived by the zero-order WentzelKramers-Brillouin ͑WKB͒ approximation. It sensitively depends on the barrier thickness L D and the barrier height ⌬U. The tunneling probability is given by
where m* is the effective carrier mass and ប is Planck's constant divided by 2. The attempt rate R a for a carrier in the blue QW to tunnel through the barrier into the green QW depends on the blue well size, L QW , and the kinetic energy of the carrier. The attempt rate can be approximated as
͑2͒
where E 0 is the ground energy state in the blue QW. The tunneling rate R T for one electron, which is the product of T and R a , can be expressed as
͑3͒
The tunneling rate R T from blue to green QW's depends only on the structure of the sample but not on the carrier concentration. The lifetime for one electron in the blue QW is given by
On the other hand, the number of radiative electron-hole recombination events per unit volume per unit time, denoted as R, is proportional to the product of hole and electron concentrations. The bimolecular rate equation is given by RϭBnp, ͑5͒ where n and p are the electron and hole concentrations, respectively. The proportionality constant B is the bimolecular recombination coefficient. The value of B for GaN is 2.3 ϫ10 Ϫ10 cm 3 s Ϫ1 . 13 In the QW's, the radiative lifetime of electrons under high-level injection is given by
Thus, by increasing the excitation power density, the number of excess carriers is increased and the lifetime of electrons is decreased through the radiative recombination process. The ratio of the green to the blue emission intensity is given by
.
͑7͒
Note that I green is proportional to T Ϫ1 because carriers cannot tunnel back to the blue QW's after having tunneled into the green QW's. Once in the green QW's carriers must recombine in the green QW's, as mentioned previously. Because n depends on the excitation intensity and T is a constant, the ratio given in Eq. ͑7͒ decreases with increasing excitation intensity. The result of Eq. ͑7͒ is fully consistent with the experimental results.
Note that the barriers within each group of QW's ͑green and blue group͒ are much thinner ͑7.5 nm͒ than the barrier between the two groups ͑20 nm͒. Thus the barriers within each group of QW's can be considered as transparent for carrier transport.
Room-temperature I-V curves of the double-active region LED are shown in Fig. 6 . We define the forward voltage (V F ) as the diode voltage at the current density of J F ϭ30 A/cm 2 . Three different circular contact sizes were used, namely, 100, 200, and 500 m in diameter. The forward current I F shown in the figure simply is I F ϭJ F A, where A is the contact area. Note that excellent forward voltages below 3.0 V are obtained at small contact diameters of 100 m, indicating high-quality Ohmic contacts. Figure 6 also shows that the forward voltage is fairly small for all contact sizes and increases with increasing contact size. The increase in forward voltage for contacts with larger diameters can be attributed to an increased voltage drop in the n-type buffer layer: at a given current density, the current scales with the area of the contact A, but the access resistance through the n-type buffer layer scales with the reciprocal circumference, that is, A Ϫ1/2
. Thus the product V F ϭRIϰA Ϫ1/2
AϭA
1/2 increases with the area. In addition, the current crowding effect 15 leads to nonuniform current injection, particularly in large-diameter contacts, and thus to an increase in forward voltage.
The electroluminescence spectra are shown in Fig. 7 . Two emission peaks are clearly observed with center wavelengths at about 455 and 520 nm. Note that the blue peak is much larger than the green peak. We attribute this to the higher quantum efficiency of blue QW's compared with green QW's. In addition, holes are injected from the blue side of the active region, whereas electrons are injected from the green side of the active region. As holes have a lower mobility and a higher effective mass, they are less likely to reach the green QW's. This can explain the higher intensity values observed for the blue emission in electroluminescence. This result is consistent with results reported by Yamada et al. 12 As previously mentioned, for current injection, holes are injected into the blue QW's, and electrons are injected into the green QW's. This is very different from optical excitation, where both types of carriers are injected into the active region from both sides as well as generated inside the active region.
The EL blue and green peak intensity values versus injection current of the double-active-region LED are plotted in Fig. 8 . The figure shows that the ratio of the two emission intensities does not vary with the injection current. This is a favorable property of the LED as the color of the device is constant, that is, independent of the injection current. This phenomenon is, however, different from Dalmasso et al.'s work, 16 where the blue and green emission ratio is dependent on the injection current. Note that there is no separation layer between the two groups of QW's in Dalmasso et al. ' s samples. The absence of the separation layer will change the carrier dynamics by allowing a much stronger interaction of carriers in the different groups of QW's.
IV. THEORETICAL ANALYSIS OF LUMINOUS EFFICACY AND EFFICIENCY OF DOUBLE-ACTIVE-REGION LED'S
Next we analyze the luminous efficacy ͑luminous flux per optical unit power͒ and luminous efficiency ͑luminous flux per electrical input unit power͒ of a LED with two active regions emitting two lines peaked at wavelengths 1 and 2 . It is assumed that the two emission lines are thermally broadened to a full width at half maximum of ⌬Eϭ(hc/ 2 )⌬, where ⌬E ranges between 2kT and 10kT. A broadening of approximately 2kT is expected based on thermal effects. However, broader emission lines are observed experimentally with about 8kT at room temperature, as discussed earlier in this article. A Gaussian line shape is assumed for the two emission bands, so that the power spectral density is given by
where P 1 and P 2 are the optical powers of the two emission bands, and 1 and 2 are the peak wavelengths of the emission source. The wavelengths 1 and 2 are denoted as the primary and secondary wavelength, respectively. The standard deviation 1 is related to the full width at half maximum of the emission spectrum by
A corresponding equation is valid for 2 . The peak emission wavelengths 1 and 2 are chosen from Table I , which shows the wavelengths of a binary complementary source. 7 The table also gives the required power ratio of the two sources. This power ratio ensures that the emission color is white, that is, the chromaticity coordinates are of the resulting color are xϭ0.3138 and yϭ0.3310 ͑close to the standardized Illuminant D 65 ). Although Table I applies to strictly monochromatic light sources (⌬→0), the data can be used, with good approximation, for light sources exhibiting moderate spectral broadening such as the LED light source considered here. Using Eqs. ͑8͒ and ͑9͒, and the data provided in Table I , the luminous efficacy can be calculated using the formula
͑10͒
where V() is the spectral eye sensitivity. The result of the calculation, i.e., the luminous efficacy versus primary wavelength, is shown in Fig. 9 using the Commission International de L'Eclairage ͑CIE͒ 1978 data for V(), frequently referred to as the modified V() or V M (). The figure reveals that the highest luminous efficacy occurs at a primary wavelength of approximately 1 ϭ450 nm with a value of 439 lm/W for ⌬Eϭ2kT and 381 lm/W for ⌬Eϭ10kT. The luminous efficiency is always lower than the efficacy due to the imperfect electrical-to-optical power conversion efficiency of a LED: Denoting the power efficiency of the LED as power , the luminous efficiency is given by Luminous efficiency
͑11͒
To date, the best light-emitting devices have a power efficiency of about 50%. Assuming that this value of the power efficiency can be attained, the luminous efficiency of the source with ⌬Eϭ2kT would be about 219 lm/W at the primary wavelength of 1 ϭ450 nm. The calculation above illustrates the great potential of dichromatic light sources in terms of a very high luminous efficiency. It is important to note that such dichromatic white light sources are very well suited for large-screen display, signage, and indicator light applications, but have limited usefulness for display backlighting and general illumination applications, due to the low color rendering capabilities.
V. CONCLUSIONS
In summary, experimental results for monolithic InGaN/ GaN p-n junction structures with two active regions have been presented. The carrier transport and recombination dynamics were investigated. Low-temperature and roomtemperature photoluminescence measurements show two luminescence lines, one in the blue and one in the green part of the spectrum. The ratio of blue to green emission intensities changes with the excitation intensity. This is attributed to the quantum tunneling effect of carriers between the two groups of QW's and to the competition between carrier tunneling and band-to-band recombination. As for electroluminescence measurements, two distinct emissions are observed and the green emission intensity is lower than the blue emission intensity. The ratio of the two emission intensities is independent of the injected current, i.e., the color of the light does not vary with injection current.
The luminous efficacy of a broadened dichromatic white-light source is calculated assuming a line broadening ranging from 2kT to 10kT, which is a typical emission linewidth in semiconductors. The calculation shows that very high values of the luminous efficiency of 219 lm/W can potentially be reached with 50% power-efficient dichromatic LED's. Such dichromatic white-light sources are suitable for many applications, in particular direct-line-of-sight applications.
